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The tandem of pore domain in a weak inwardly rectifying K + channel 
(Twik)-related acid-arachidonic activated K + channel (TRAAK) and Twik- 
related K + channels (TREK) 1 and TREK2 are active as homodimers gated 
by stretch, fatty acids, pH, and G protein-coupled receptors. These 
two-pore domain potassium (K 2P ) channels are broadly expressed in 
the nervous system where they control excitability. TREK/TRAAK KO 
mice display altered phenotypes related to nociception, neuroprotection 
afforded by polyunsaturated fatty acids, learning and memory, mood 
control, and sensitivity to general anesthetics. These channels have 
emerged as promising targets for the development of new classes 
of anesthetics, analgesics, antidepressants, neuroprotective agents, 
and drugs against addiction. Here, we show that the TREK1, TREK2, 
and TRAAK subunits assemble and form active heterodimeric channels 
with electrophysiological, regulatory, and pharmacological properties 
different from those of homodimeric channels. Heteromerization oc- 
curs between all TREK variants produced by alternative splicing and 
alternative translation initiation. These results unveil a previously 
unexpected diversity of K 2P channels that will be challenging to 
analyze in vivo, but which opens new perspectives for the devel- 
opment of clinically relevant drugs. 
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T andem of pore domain in a weak inwardly rectifying K + 
channel (Twik)-related K + channels (TREK) 1, TREK2, and 
Twik-related acid-arachidonic activated K + channel (TRAAK) 
channels produce inhibitory background K + currents (1-3). These 
channels respond to neuroprotective fatty acids, mechanical stretch, 
temperature, pH, and neurotransmitters through G protein- 
coupled receptors (GPCRs) (for a recent review, see ref. 4). 
TREKl is activated by volatile anesthetics and plays a role in 
general anesthesia. These channels have emerged as promising 
targets for the development of other classes of clinical compounds. 
TREK1 is activated by opioid receptors and contributes to mor- 
phine-induced analgesia, but is not involved in morphine -induced 
constipation, respiratory depression, and dependence (5). TREK1 
openers, acting downstream from opioid receptors, might have 
strong analgesic effects without adverse effects (6). TRAAK may 
also be a good target for analgesia: Its activation by angiotensin II 
receptors is responsible for the painless nature of the early lesions 
of the necrotizing tropical disease Buruli ulcer (7). Also, activation 
of TREK1 by GABA b receptors in the hippocampus (8), and 
inhibition of TREK2 by neurotensin receptors in the entorhinal 
cortex (9), suggests that specific modulators of these channels might 
also have beneficial actions against drug abuse, and against learning 
slow down and memory deficits in Alzheimer’s disease. Finally, 
inhibition of TREK1 by spadin (10), an endogenous peptide, or 
by the antidepressant fluoxetine (Prozac) (11), pinpoints it as a 
valuable target for the treatment of depression. TREK/TRAAK 
channels are broadly expressed in the nervous system (12-15). 
TREKl is more specifically expressed in the striatum, TREK2 in the 
cerebellum, and TRAAK in the thalamus. All of the subunits are 
coexpressed in the cortex, hippocampus, hypothalamus, amygdala, 
and olfactory system (12), and in the spinal cord (16, 17). 


K 2P channels are dimers of subunits (18-20). Heterodimerization 
has been shown to occur between the members of two subfamilies 
of K 2P channels: the TASK (21) and THIK (22) channels. Heter- 
odimerization of TREKl with TWIK1 has been proposed to gen- 
erate glutamate-permeant channels in astrocytes (23). Because 
TREK/TRAAK subunits show an overlapping distribution in many 
areas of the nervous system and because heteromerization produces 
channels with unique electrophysiological and pharmacological 
properties, we evaluated their ability to form active heterodimers. 
Because alternative splicing (AS) (1, 24) and alternative translation 
initiation (ATI) (25, 26) increase TREK diversity, we also tested 
heterodimerization between the different AS and ATI variants 
of TREKl and TREK2, and we reevaluated heteromerization of 
TREKl with TWIK1. 

Results 

Assembly of TREK/TRAAK Subunits in Mammalian Cells. Coexpression 
and colocalization of TREKl, TREK2, and TRAAK in dorsal root 
ganglia (DRG) neurons suggested that they can form heterodimers 
in vivo (Fig. SI A and B). Thus, we studied heteromerization of 
TREKl, TREK2, and TRAAK in transfected MDCK cells. 
Colocalization of TREKl with TREK2 or TRAAK is illustrated in 
Fig. L4. Furthermore, TREK2 and TRAAK coprecipitated with 
TREKl from these cells (Fig. IB and Fig. SIC). We next dem- 
onstrated protein interaction by Forster/fluorescence resonance 
energy transfer (FRET) and Duolink in situ proximity ligation 
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Significance 

Nearly 350 human genes encode ion channels. Posttranscriptional 
(alternative splicing, editing, and alternative translation initia- 
tion) and posttranslational mechanisms (glycosylation, phos- 
phorylation) further increase diversity. For multimeric channels, 
various heteromeric combinations may raise the number of ion 
channels to thousands. Here, we show that mixing and matching 
TWIKI-related K + (TREK)/Twik-related acid-arachidonic activated 
K + channel (TRAAK) subunits generate tens of different chan- 
nels. Heterodimeric combinations have properties different from 
those of the corresponding homodimers, including single-chan- 
nel behavior, regulation by kinases, and sensitivity to pharma- 
cological agents. These results imply that any excitable cell can 
adjust its response to neurotransmitters by simply modulating 
the ratio of expressed TREK/TRAAK subunits. These results also 
imply that heteromerization has to be considered when ana- 
lyzing in vivo functions of these channels but also when screening 
new potential therapeutic drugs. 
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Fig. 1. TREK1, TREK2, and TRAAK interact in transfected MDCK cells. (A) Immunolocalization of HA-TREKIa (green) and Myc-TREK2c (red) or TRAAK (red). 
(B) Coimmunoprecipitation experiments. Inputs represent 2% of the total cell lysate. (C) FRET experiments. Different combinations of TREK1, TREK2, TRAAK, 
and THIK1 fused to enhanced cyan fluorescent protein (eCFP) and enhanced yellow fluorescent protein (eYFP) were coexpressed. eCFP directly linked to eYFP 
in pTOM serves as positive control. FRET was measured at the plasma membrane. Number of cells is given in parentheses. Data were analyzed by using one- 
way ANOVA with post hoc multiple comparisons using the Tukey's test: *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Duolink in situ PLA. Percentage of cells 
corresponds to the number of PLA-positive cells relative to the number of transfected cells. Number of independent experiments is given in parentheses and 
corresponds to >300 cells analyzed. Mann-Whitney test versus TREK1+CD4 as negative control: *P < 0.05. 


assay (PLA). Both techniques rely on the close proximity between 
two interacting proteins (<40 nm for PLA and <10 nm for FRET). 
Quantitative and statistical analysis of the FRET efficiency is 
given in Fig. 1C for various combinations of subunits. In TREK1- 
expressing cells, positive FRET signals were observed with 
TREK1 (19.2 ± 1.7%), TREK2 (15.1 ± 1.7%), and TRAAK 
(12.3 ± 1.3%), but not with THIK1 (2.8 ± 0.6%). Similar data 
were obtained for TREK2 and TRAAK, demonstrating that all 
combinations of TREK/TRAAK subunits are able to produce 
FRET in transfected cells. FRET efficiency seems to be lower 
between TRAAK and TREK1 or TREK2, than between TREK1 
and TREK2. This difference might reflect a lower affinity between 
TRAAK and TREK1 or TREK2, than between TREK1 and 
TREK2. These results were confirmed by PLA using tagged sub- 
units (Fig. ID). Positive signals were observed in a high percentage 
of cells coexpressing TREK1 with TREK1 (60.1 ± 2.6%), TREK2 
(60 ± 8%), or TRAAK (50.8 ± 6.6%), significantly different from 
cells coexpressing TREK1 with CD4 (11.5 ± 1.2%). 

TREK/TRAAK Subunits Do Not Assemble with Other K 2P Subunits. We 

next tested a potential assembly of TREK1 with more distant 
members of the K 2 p channel family (Fig. 24). Quantification of 
the PLA signal is given in Fig. 2 B and compared with positive 
(TREK1, 60.1 ± 2.6%) and negative (CD4, 11.5 ± 1.2%) controls. 
TASK1 (4.8 ± 0.9%), TASK3 (6.3 ± 2.7%), and TWIK-related 
alkaline sensitive K + channel (TALK) 1 (6.9 ± 2%) gave lower 
signals than CD4, whereas signals for THIK1 (20.8 ± 0.8%), 
TALK2 (15.9 ± 3.1%), TWIK-related spinal cord K + channel 
(TRESK) (16.9 ± 3.6%), and TWIK1 (21.2 ± 8.8%) were higher 
than CD4 but significantly lower than that for TREK1 (60.1 ± 
2.6%). All tested K 2 p subunits are correctly expressed at the cell 
surface except TWIK1, which is mainly localized to endosomes (27) 
(Fig. S24). The lack of colocalization or coimmunoprecipitation 
between TREK1 and TWIK1 further confirms the absence of 
interaction (Fig. S2 A and B). We also tested a mutant of TWIK1 


expressed at the plasma membrane (TWIK1 I 293 A, I 294 A noted 
TWIK1*). The expression of TWIK1* instead of TWIK1 did not 
favor interaction with TREK1 in the PLA assay (Fig. 2 B) nor 
increases coimmunolocalization in cells coexpressing TREK1 and 
TWIK1* (Fig. S24). Again, FRET was unable to show any evi- 
dence of assembly between TREK1 and TWIK1* (Fig. S2C). 
Together, the results show that multimerization is restricted to 
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Fig. 2. Assembly is restricted between the members of the TREK/TRAAK 
subfamily. (A) Phylogenetic tree of human K 2P subunits. The tree was con- 
structed with a multiple alignment using fast Fourier transform (MAFFT) 
program. ( B ) Duolink in situ PLA between TREK1 and other K 2P subunits 
representative of the different subfamilies. HA-TREK1 was coexpressed in 
MDCK cells with Myc-tagged subunits. Percentage of positive cells corresponds 
to the number of PLA-positive cells relative to the number of transfected 
cells. Number of independent experiments is given in parenthesis and cor- 
responds to >300 cells analyzed per condition. Data were analyzed by using 
Mann-Whitney test: *P < 0.05 versus TREK1+CD4 as negative control. 
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members of the TREK/TRAAK subfamily and does not extend to 
other K 2 p channel subunits. 

All Variants of TREK1 and TREK2 Assemble. In the above experiments, 
TREKla and TREK2c isoforms were used to demonstrate TREK1/ 
TREK2 assembly. We next wondered whether other isoforms of 
TREK1 and TREK2 produced by AS and ATI form heterodimers. 
All TREK1 isoforms were tagged and coexpressed with TREK2c 
(Fig. 3A and Fig. S3). Similarly five known TREK2 isoforms were 
tagged and coexpressed with TREKla (Fig. 3 B). All of the com- 
binations tested generated strong PLA signals (>70% of positive 
cells) compared with negative control (<3% for the empty vector) 
(Fig. 3 and Fig. S3). 



TREK/TRAAK Assemblies are Heterodimeric Channels. If hetero- 
dimers form between TREK and TRAAK, then each monomer 
contributes to the ionic pore. To discriminate between aggre- 
gates of TREK and TRAAK homodimers and TREK/TRAAK 
heterodimers, we replaced the first glycine of the G(Y/L/F)G 
signature sequence with a glutamate in the pore loop of the 
TRAAK subunit producing a nonconducting dimer when the 
subunit is expressed alone or a dominant-negative subunit when 
it assembles with the corresponding wild-type subunit (22). 
TRAAK dn (TRAAK Gi 0 6E) was coexpressed with wild-type 
subunits in Xenopus oocytes (Fig. 44). Typical currents and 
mean current values are respectively illustrated in Fig. S44 
and Fig. 44. The current amplitude in oocytes coexpressing 
TRAAK and TRAAK DN is 41 ± 0.03% of the value obtained 
for TRAAK alone. By expressing three times more TRAAK DN 
than TRAAK, active dimeric TRAAK channels should only 
represent 6.25% of the total population of channels. TRAAK D 
silences 59% of the current instead of the expected 93.75%, sug- 
gesting that the affinity between TRAAK DN and TRAAK is lower 
than that between TRAAK and TRAAK, or that TRAAK DN is 


N-terminus 


PLA positive cells (%) 
■ I Ml |o 2,0 40 6,0 8,0 


TREKla 

M..MKWK 

TREKIb 

MLASASRERPGYTAGV. MKWK 

TREKIc 

MMNPRAKRSVYL. .MKWK 

TREKId 

MGAV..MKWK 

TREKlANt 

mkwk| 

empty 

+ TREK2C 

B 

1 

N±rminus r^ c 



PLA positive cells (%) 
i 20 40 60 80 


TREK2a MYFSYIGYFFLPPLV.. MEGASQGGLQTVMKWK 
TREK2b M.. MEGASQGGLQTVMKWK 

TREK2C MKFPIETPRKQVNWDPKV. .MEGASQGGLQTVMKWK 
TREK2M60 MEGASQGGLQTVMKWK 

TREK2M72 MKWK 

empty \* 

+ TREKIb 



Fig. 3. TREK1 and TREK2 isoforms assemble in MDCK cells. (A) TREK1 iso- 
forms produced by AS of exon 1, TREKla, b, c, and d, or by ATI, TREK1 ANt, 
were coexpressed with TREK2c isoform and used for PLA measurements. 
Quantitative measurement is illustrated by a bar graph with the partial N-ter 
aa sequences of the various mouse TREK1 isoforms. MKWK sequence is the 
beginning of the first membrane-spanning domain Ml . The gap in the N-ter 
corresponds to 40 residues. ( B ) TREK2 variants generated by AS (TREK2a, b, 
and c) or ATI (TREK2M60, M72, starting at methionine 60 or 72 numbered 
from TREK2c) were coexpressed with TREKIb. PLA quantification is given 
with the N-ter sequences of the various mouse TREK2 isoforms. The gap in 
the N-ter corresponds to 36 residues. Three independent experiments were 
performed that correspond to >250 cells analyzed per condition. 


Fig. 4. Contribution of each TREK/TRAAK monomer to the formation of het- 
erodimers. (A) Dominant-negative TRAAK mutant bearing a loss of function 
mutation (TRAAK DN , TRAAK G106E) in the first pore domain was coexpressed 
with TRAAK, TREK1, TREK2, and THIK1 in oocytes (3:1 ratio, 7.5 ng/2.5 ng) and 
current recorded at membrane potentials ranging from -120 mV to +60 mV 
from a holding potential of -80 mV in 10-mV increments. Histograms represent 
normalized current at 0 mV for oocytes expressing K 2P subunit alone (gray) or 
with TRAAK dn (black). Two-sample t test: ***P < 0.001. ( B ) RR sensitivity of 
TREK1, TREK2, and covalent TREK1/TREK2 tandems (Td-TREK1/TREK2 and 
Td-TREK2/TREK1). I110D and D135I substitution correspond to mutation of the 
RR binding site in mouse TREKla or TREK2c. Each cRNAs were injected alone in 
oocytes; currents were elicited as in A. For normalized current values, current 
measured at -100 mV in 80 mM K + solution after addition of 10 pM RR was 
compared with current obtained in 80 mM K + solution (control) and analyzed 
with paired Wilcoxon test: *P < 0.05. Number of oocytes is given in parentheses. 


not processed as effectively as TRAAK. Although incomplete, 
the dominant-negative effect of TRAAK DN was tested on TREK1, 
TREK2, and THIK1. TRAAK DN inhibited TREK1 (56% of 
inhibition) and TREK2 (66%), significantly more than THIK1 
(18%) (Fig. 44). Similar observations were made by using TREK1 DN 
(Fig. S4£). Whereas TREK1 DN was able to inactivate 49%, 32%, 
and 57% of the TREK1, TREK2, and TRAAK currents, re- 
spectively, it had only a weak effect on THIK1 (14%), TWIK1 
(9%), and TASK3 (5%) (Fig. S4B). 

We further demonstrated the contribution of both TREK1 
and TREK2 subunits to the formation of an active heterodimer 
by manipulating a binding site for ruthenium red (RR) (Fig. 4 B). 
TREK2 is inhibited by external application of RR but not 
TREK1 (28). Sensitivity to RR is afforded by charged residues 
close to the external mouth of the ionic pore (21). In TREK2, 
this residue is aspartate 135, which is replaced by isoleucine 110 in 
RR-insensitive TREK1. To express pure heterodimers, we engi- 
neered constructs for expression of covalent tandems in which two 
subunits are concatenated into a single polypeptide. Tandems of 
TREK1 and TREK2 are noted Td-TREK1/TREK2 or Td-TREK2/ 
TREK1, depending on the order of each subunit in the dimer. As 
expected, TREK2 and Td-TREK2/TREK2 are sensitive to RR, 
whereas TREK1 and Td-TREKl/TREKl are not affected (Fig. 4 B 
and Fig. S5). Replacing aspartate 135 by an isoleucine (D135I) in 
TREK2 abolishes its sensitivity to RR, whereas replacing isoleucine 
110 by an aspartate (I110D) into TREK1 confers RR sensitivity. 
Td-TREK1/TREK2, Td-TREKETREK2 D135I , Td-TREK2/TREK1, 
and Td-TREK2 D135I /TREK1 that contain only one or no aspartate 
residue are insensitive to RR. Introducing I110D into the TREK1 
moiety bestows RR sensitivity to Td-TREKl m oD/TREK2 and Td- 
TREK2/TREK1 I110D . This result further demonstrates that each 
TREK moiety contributes to the formation of the active pore. 

Heterodimers of TREK/TRAAK Subunits Have Their Own Electrophysiological 
and Pharmacological Characteristics. Cell-attached patch recordings 
from HEK293 cells expressing TREK1, TREK2, or Td-TREK1/ 
TREK2 display typical single-channel openings (Fig. 5). In agree- 
ment with earlier studies, TREK1 and TREK2 exhibit different 
behaviors (29). TREK1 conducts more outward currents at +100 mV 
than at -100 mV (outward rectification), whereas TREK2 shows 
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Fig. 5. Single-channel properties of TREK/TRAAK homomeric and heteromeric channels in transfected HEK293 cells. (A) Electrophysiological properties of 
TREK1, TREK2 and Td-TREK1/TREK2. (Left) Single-channel recordings at -60 mV. Currents were recorded in cell-attached patches held at pipette potentials 
from +100 mV to -100 mV in bath solution containing 150 mM KCI. ( Middle ) Single-channel current-voltage relationships (n = 10). (Right) Unitary con- 
ductances at -100 and +100 mV (n = 10). (B) Electrophysiological properties of TREK1, TRAAK, and Td-TREKI/TRAAK. (Left) Single-channel recordings from 
cells expressing TREK1, TRAAK, and Td-TREKI/TRAAK at -60 mV. Currents were recorded as in A. (Middle) Single-channel current-voltage relationships of the 
different channels (n = 10). (Right) Unitary conductances at -100 and +100 mV (n = 10). (C) Current-voltage relationships of mean currents. The mean currents 
(/ = NPoi) were obtained from cell-attached macropatches (n = 5). Mann-Whitney test: **P < 0.01 and ***P < 0.001. 


the opposite behavior (inward rectification) (Fig. 5A). Td-TREK1/ 
TREK2 is different from TREK1 and TREK2 and has a linear 
current-voltage (IV) relationship (no rectification). Unitary con- 
ductances of TREK1, TREK2, and T d-TREKl ATREK2 are 88.5 ± 
6.2 pS, 39.8 ± 2.8 pS, and 71.6 ± 2 pS at +100 mV and 55.6 ± 0.6 pS, 
140.9 ± 2 pS, and 78.9 ± 1.3 pS at -100 mV, respectively {n = 10). 
Fig. 5B shows single-channel openings of TREK1, TRAAK, 
and Td-TREKI/TRAAK at a pipette potential of -60 mV. The 
IV relationship of Td-TREKI/TRAAK is similar to that of 
TRAAK. Unitary conductances of TRAAK and Td-TREK1/ 
TRAAK are 65.4 ± 3.2 pS and 80.7 ± 1.9 pS at +100 mV and 


110.9 ± 1.5 pS and 98.7 ± 3.9 pS at -100 mV, respectively (n = 10). 
Unpredictably, heteromeric channels have intermediate unitary 
conductances compared with each homomeric channel (Fig. 5 A 
and B). Mean currents in symmetrical 150 mM KCI, which reflect 
the product of open probability and single-channel conductance, 
are shown in Fig. 5C. 

We next investigated Td-TREKI/TRAAK sensitivity to po- 
tential therapeutic compounds such as ML67 and fluoxetine 
(Fig. 6 A and B). ML67, a carbazole-based molecule, has been 
recently identified as a potent activator of TREK1 currents in a 
high-throughput screening assay (30). In HEK293 cells, TREK1, 
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Fig. 6. Pharmacology and regulation of heteromeric TREK1/TRAAK channels in transfected HEK293 cells. (A) Effect of ML67 on TREK1, TRAAK, and 
Td-TREKI/TRAAK. (Left) Kinetics of current amplitude at 0 mV for each construct during application of ML67 (100 |iM) (black bar) normalized to currents at 
t = 0 s. (Right) Current fold increase under ML67 application at 0 mV. (B) Effect of fluoxetine on TREK1, TRAAK, and Td-TREKI/TRAAK. (Left) Kinetics of 
current amplitude at 0 mV during application of 10 pM fluoxetine (black bar) were normalized to currents at t = 0 s. (Right) Percentage of current inhibition 
induced by fluoxetine at 0 mV. (C) Regulation of TREK1, TRAAK, and Td-TREKI/TRAAK by kinases. PMA (100 nM) or IBMX/Forskolin (500 |iM/10 pM) were 
applied to activate protein kinase C or protein kinase A. (Left and Middle) Current kinetics at 0 mV before and after application of PMA or IBMX/Forskolin (arrow) 
were normalized to currents at t = 0 s. (Right) Current variations were determined by comparing currents at 0 mV with or without drugs. Mann-Whitney test: 
**P < 0.01, ***P < 0.001, and ns is not significant. Number of cells is given in parentheses. 
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TRAAK, and Td-TREKl/TRAAK are all largely activated by 
ML67, but with different intensities. TREK1 current was increased 
by 3.3 ± 0.4-fold, TRAAK current by 11.3 ± 1.4-fold and Td- 
TREKl/TRAAK by 7.8 ± 1-fold, an intermediate activation profile 
(Fig. 6 A). We also tested the effect of fluoxetine (Prozac) (Fig. 6 B) 
(11). Fluoxetine had no effect on TRAAK current but inhibits 
TREK1. Interestingly, Td-TREKl/TRAAK displays fluoxetine 
sensitivity but to a lesser extent than TREK1 (24.4 ± 3.5% of 
current inhibition versus 53.6 ± 1.3% for TREK1) (Fig. 6 B). 

Regulation of Td-TREKl/TRAAK by protein kinase A (PKA) 
and C (PKC) were also investigated in HEK293 cells. As pre- 
viously reported and illustrated in Fig. 6 C, TREK1 currents are 
largely inhibited by PKC-activator phorbol-12 myristate-acetate 
(PMA) (39.8 ± 6.2% of inhibition) or by stimulation of PKA by a 
mixture of forskolin and 3 -isobutyl- 1-methylxanthine (IBMX) 
(65.8 ± 7.9% of inhibition), whereas TRAAK currents are not 
significantly affected by these compounds (1, 2). In the same 
conditions, Td-TREKl/TRAAK currents were unaffected by 
PKC activation like TRAAK (9.6 ± 3.7% of stimulation) but 
inhibited by PKA activation like TREK1 (25.9 ± 3.2% of in- 
hibition). Similar results were obtained by using Td-TREK1/ 
TREK1, Td-TRAAK/TRAAK, and T d-TR AAK/TREK1 , in- 
dicating that the covalent fusion of the two subunits does not 
affect channel function and regulations (Fig. S6). 

Discussion 

Unlike K v and K ir channels that form tetramers, K 2 p channels 
require the assembly of two subunits to form the ion-conducting 
pore. The interaction between TASK1 and TASK3 was the first 
demonstration to our knowledge of heterodimerization between 
K 2P subunits (21). Recently, we reported an interaction between 
THIK1 and THIK2 (22). TASK1 and TASK3 share 49% of 
amino acid (aa) identity, and THIK1 and THIK2 60% of aa 
identity. TREK/TRAAK assembly suggests that K 2P subunits 
sharing at least 30% of aa identity (i.e., belonging to the same 
subfamily) are prone to form heterodimers. Assembly efficacy 
increases with sequence conservation as we observed a better 
association of TREK1 with TREK2 (47% of aa identity) than 
with TRAAK (31% of aa identity). In contradiction with a previous 
study (23), we found no interaction between TREK1 and TWIK1 
(24% of aa identity). Another study failed to demonstrate TREK1/ 
TWIK1 interaction by using FRET in CHO cells (31). Finally, it 
has also been suggested that TWIK1 may interact with TASK1 and 
TASK3, providing another example of assembly between members 
of distant subfamilies (TWIK1 sharing less than 22% of aa identity 
with TASK1 and TASK3) (31). However, these results have not yet 
been reproduced by another laboratory. More studies are clearly 
needed to explore a potential interaction between K 2P subunits 
belonging to distinct subfamilies. 

Mechanisms controlling K 2P assembly are unresolved even 
if we have shown that the extracellular loop between the first 
membrane spanning segment and the first pore domain is able to 
interact with another identical loop (20). Cytoplasmic N- terminals 
of K v and K ir channels are involved in tetramerization (32, 33). 
Furthermore, a domain called T1 in the N-ter of K v channels sets 
the compatibility of different subunits for heteromerization (34). 
The lack of the cytoplasmic N-ter does not prevent interaction 
between short TREK1 (TREKlANt) or TREK2 (TREK2M60 and 
TREK2M72) variants (Fig. 3). Although the N-ter might initiate 
priming contact between subunits and contribute to intersubunit 
stability, its integrity does not seem critical for K 2P channel as- 
sembly. However, interaction between all AS and ATI variants of 
TREK1 and TREK2 demonstrates that the function of AS and ATI 
in the TREK/TRAAK subfamily is not to limit heterodimerization 
between specific isoforms. 

Heteromeric assembly of K + channel subunits is a way to in- 
crease channel diversity without increasing the number of genes. 
For TREK/TRAAK channels, heteromerization comes in addition 
to the molecular diversity generated by AS and ATI that already 
affect conductance (25), ion selectivity (26), and pharmacology 
(35). Single-channel properties of TREK1 and TRFK2 channel 


have been extensively studied over the past decade (29). Compared 
with TREK2 and TRAAK, TREK1 produces outwardly rectifying 
currents, due to a reduced unitary conductance and bursting be- 
havior at negative membrane potentials. Interestingly, TREK1/ 
TREK2 heterodimers keep this property and display voltage- 
dependent gating and open probability similar to TREK1. On 
the contrary, when TREK1 is combined to TRAAK, this char- 
acteristic is lost and TREKl/TRAAK heterodimers behave as 
linear leak channels. Heterodimerization also impacts channel 
regulation. Activation of PKA has no effect on TRAAK but 
down-regulates TREK1 and TREKl/TRAAK. TRAAK lacks 
the serine residue that is phosphorylated by PKA in TREK1 
(S333) and is not sensitive to PKA. Only one PKA phosphorylation 
site in TREKl/TRAAK heterodimer seems sufficient to provide 
sensitivity to PKA. The absence of effect upon PKC stimulation on 
TRAAK and TREKl/TRAAK is more puzzling because the sub- 
strate site for PKC identified in TREK1 (S300) is present in 
TRAAK (S261) and TREKl/TRAAK. A sequential phosphorylation 
mechanism may explain this result. In TREK1, PKC phosphorylation 
would be favored by prior PKA phosphorylation (29, 36). In 
TRAAK and TREKl/TRAAK, the absence or limited access to 
PKA site would render subsequent PKC modification inefficient. 

In vivo, GPCR-activated metabotropic signaling pathways 
control PKA and PKC regulation of TREK channels. Activation 
of Gs-coupled serotonin (5HT4R) and noradrenaline (P2AR) 
receptors causes inhibition of TREK1 and TREK2 channel via a 
PKA-dependent phosphorylation (3, 37). In an opposite manner, 
stimulation of the Gi-coupled adrenergic (a2AK), glutamate 
(mGluR2, mGluR4), y-aminobutyrate (GABA b R) receptors acti- 
vates TREK1 and TREK2 through adenylate cyclase inhibition, 
producing a decrease of cyclic adenosine monophosphate and PKA 
activity favoring channel dephosphorylation (3, 8, 38). Phosphory- 
lation by PKC induces inhibition of TREK1 and/or TREK2 by 
Gq-coupled receptors through TSH releasing hormone receptor, 
orexin, acetylcholine (M3-R), and neurotensin (1, 15, 36). Other 
pathways contributing to Gq-mediated inhibition of TREK chan- 
nels include mGluRl activation through direct diacylglycerol and 
phosphatidic acid effects or through phosphatidylinositol 3,5- 
bisphosphate breakdown rather than activation of PKC (29). These 
regulations of TREK1 and TREK2 are important for the dynamic 
control of cell excitability as shown in the hippocampus and ento- 
rhinal cortex (8, 38). On the contrary, neither PKA nor PKC 
influences TRAAK activity (2). TRAAK has been shown to be 
insensitive to mGluRl stimulation, suggesting that the channel is 
also insensitive to other Gq-mediated signaling pathways (39). 
Our results suggest that TREKl/TRAAK heterodimers display 
intermediate sensitivity to neurotransmitters and receptor acti- 
vation. In cells coexpressing both TREK1 and TRAAK subunits, 
a controlled change in the TREK1: TRAAK ratio will influence 
the proportion of homomeric versus heteromeric channels and, 
therefore, the degree of the cellular response to GPCR stimula- 
tion, without requiring changes in other cellular parameters. 

Recently, some efforts have been made in identifying compounds 
that modulate the activity of TREK/TRAAK channels. BL-1249, a 
fenamate-like compound, and ML67-33, a dihydroacridine analog, 
activate TREK1, TREK2, and TRAAK and their isoforms with 
various N-ter lengths (30, 35). For those compounds that are not 
targeting a unique TREK subunit, TREK/TRAAK heteromerization 
has only a moderate influence as illustrated by the intermediate 
sensitivity of TREKl/TRAAK heterodimers to ML67 compared 
with TREK1 or TRAAK homodimers. By contrast, with more 
specific molecules such as spadin and fluoxetine that inhibit 
TREK1 without affecting TREK2 or TRAAK, heteromerization 
increases the spectrum of action of the drug to TREKl/TRAAK 
heterodimers. 

Conclusion 

Our results unveil a previously unexpected diversity of K 2P chan- 
nels that will be challenging to analyze in vivo, but opens new 
perspectives for the development of clinically relevant drugs. 
TREK channel modulators provide a path to novel analgesics, 
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anesthetics, neuroprotectors or antidepressants. Future pharmaco- 
logical studies will have to take TREK/TRAAK heteromerization 
and the resulting diversity into account when screening drugs and 
studying their selectivity. 

Methods 

Constructs. Mouse and human channel subunits were cloned into pcDNA3 
or plRES2-eGFP for mammalian cells expression and pLIN for Xenopus oocyte 
expression. For immunocytochemistry, coimmunoprecipitation, and PLA 
experiments, Myc or HA tags were inserted by PCR. For FRET experiments, 
channel subunits were subcloned into pECFP or pEYFP vectors. All muta- 
tions were introduced by PCR using Pfu-Turbo DNA polymerase (Agilent). 
Heteromeric tandems were constructed by overlapping PCRs, whereas 
homomeric tandems were constructed by separate PCRs and cloned into 
appropriate vector. 

MDCK Culture, Transfection, Immunocytochemistry, and Coimmunoprecipitation. 

Classical methods have been used that are described in SI Methods. 

Oocyte Expression and Two-Electrode Voltage Clamp Recordings. Experiments 
were carried out as described in ref. 22 for dominant-negative experiments 
and in ref. 28 for RR sensitivity. 

Electrophysiology on HEK293 Cells. HEK293 cells grown in 35-mm dish were 
transfected with K 2P channels using Lipofectamine 2000 (Invitrogen) or Jet PEI 
(Polyplus transfection). Cells were used 2-3 d after transfection. Electrophysi- 
ology was carried out by using classical methods described in SI Methods. 
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